proline content, superoxide dismutase (SOD) and peroxidase (POD) activities, as well as significant reduction of H 2 O 2 and malonaldehyde (MDA) content. The results demonstrate the explicit role of AtMYB12 in conferring salt and drought tolerance by increasing the levels of flavonoids and ABA in transgenic Arabidopsis. The AtMYB12 gene has the potential to be used to enhance tolerance to abiotic stresses in plants.
Introduction
Abiotic stresses (i.e., salinity, drought, osmotic stress, chemical toxicity and oxidative stress) negatively impact the growth and development of agricultural crops worldwide, and are serious threats to agricultural efforts to provide and satisfy the needs of a rapidly growing population worldwide (Munns and Tester 2008; Liu et al. 2015a; Wang et al. 2016a) . Approximately 20 % of the irrigated soils worldwide are suffering from salt stress , and the problem is compounded by global water scarcity and worldwide climate change, which threatens sustainable crop farming (Yang et al. 2010) . Therefore, it is extremely important to develop crops with increased salt and drought tolerance. Some plants have adapted to salt and drought stress conditions by evolving counter-mechanisms which comprise of growth and development regulation, detoxification, ion homeostasis and osmotic adjustment (Bohnert et al. 1995; Zhu 2001 Zhu , 2002 .
Anthocyanins belong to the diverse group of ubiquitous secondary metabolites known as flavonoids. The most eminent function of flavonoids is their ability to impart color Abstract In plants, transcriptional regulation is the most important tool for modulating flavonoid biosynthesis. The AtMYB12 gene from Arabidopsis thaliana has been shown to regulate the expression of key enzyme genes involved in flavonoid biosynthesis, leading to the increased accumulation of flavonoids. In this study, the codon-optimized AtMYB12 gene was chemically synthesized. Subcellular localization analysis in onion epidermal cells indicated that AtMYB12 was localized to the nucleus. Its overexpression significantly increased accumulation of flavonoids and enhanced salt and drought tolerance in transgenic Arabidopsis plants. Real-time quantitative PCR (qRT-PCR) analysis showed that overexpression of AtMYB12 resulted in the up-regulation of genes involved in flavonoid biosynthesis, abscisic acid (ABA) biosynthesis, proline biosynthesis, stress responses and ROS scavenging under salt and drought stresses. Further analyses under salt and drought stresses showed significant increases of ABA, 1 3 in fruits, which attract seed dispersers. Also, they are an important class of polyphenols with remarkable antioxidant activity and have been shown to promote visual acuity, reduce apoptosis, and inhibit oncogenesis in humans (Hannum 2004; Hou et al. 2004; Li et al. 2013 ). In addition, flavonoids are potentially able to confer protection against various abiotic and biotic stresses (Buer et al. 2010; Dixon et al. 2013) . Studies conducted in model plant species have shown that several transcription factors (TFs), including MYB, bHLH and WD40, played important roles in flavonoid biosynthesis, leading to its accumulation (Grotewold 2006; Lepiniec et al. 2006; Feller et al. 2011; Qiu et al. 2014) .
MYB transcription factors have been demonstrated as key regulators of flavonoid biosynthesis. So far, the Arabidopsis transcription factor gene AtMYB12 has produced the most promising results (Mehrtens et al. 2005; Czemmel et al. 2009; Stracke et al. 2010; Lännenpää 2014) . In Arabidopsis, AtMYB12 up-regulated the expression of chalcone synthase (CHS) and flavonol synthase (FLS) genes, resulting in the accumulation of flavonoids (Mehrtens et al. 2005) . In tomatoes, overexpression of AtMYB12 increased flavonoid levels and activated the caffeoylquinic acid biosynthesis pathway (Luo et al. 2008) . The high flavonol content in tobacco overexpressing AtMYB12 tobacco provided resistance against insects (Misra et al. 2010) . Furthermore, overexpression of AtMYB12 resulted in the production of rutin in transgenic tobacco callus culture (Pandey et al. 2012) and buckwheat hairy root cultures (Park et al. 2012) .
However, the mechanisms of flavonoid accumulation during abiotic stress have not yet been fully understood. In particular, up-regulation of the AtMYB12 gene has been shown to increase the accumulation of flavonoids in several plant species. In this study, the AtMYB12 gene was chemically synthesized through the PTDS (PCR-based two-step DNA synthesis) method (Xiong et al. 2004 ). Overexpression of AtMYB12 in transgenic Arabidopsis was found to significantly increase accumulation of flavonoids and enhance salt and drought tolerance. We show direct evidence that the regulator of flavonoid biosynthesis played a pivot role for stress tolerance in Arabidopsis, and our results indicate that the AtMYB12 gene is a promising option for increasing the accumulation of flavonoids and enhancing tolerance to abiotic stresses.
Materials and methods

Plant materials
Arabidopsis [ecotype Columbia-0, wild type (WT)] was used as a model plant for identifying the functions of the AtMYB12 gene.
Chemical synthesis of the Arabidopsis AtMYB12 gene
The nucleotide sequence of AtMYB12 (accession No. ABB03913) was first codon-optimized according to codon preferences in plants without inducing amino acid mutations in AtMYB12, and then chemically synthesized by the PTDS method (Xiong et al. 2004) . A total of 14 primers, with overlaps of 60-bp between each primer pair, were designed and used for the PCR amplification of AtMYB12 (Supplementary Table S1 ). The BamH I and Sac I sites were added to primers 1 and 14, respectively. The detailed methods for chemical synthetic process were described in an earlier publication (Xiong et al. 2004 ).
Sequence analysis of AtMYB12
The full-length cDNA of AtMYB12 was analyzed by BLAST on the National Center for Biotechnology Information (NCBI) website (http://www.ncbi.nlm.nih.gov/). For the multiple sequence alignment analysis, the amino acid sequence of AtMYB12 and other MYB homologs from different plant species retrieved from NCBI were aligned using the DNAMAN software (Lynnon Biosoft, Quebec, Canada). Phylogenetic analysis was conducted with the MEGA4 software (http://www.megasoftware.net/). The theoretical molecular weight and isoelectronic point (pI) were calculated using ProtParam tool (http://web.expasy. org/protparam/). The conserved domain of AtMYB12 protein was scanned by the InterProScan program (http:// www.ebi.ac.uk/Tools/pfa/iprscan/).
Subcellular localization of AtMYB12
The ORF of AtMYB12 was cloned and then inserted into the pMDC83 expressing vector containing the green fluorescent protein gene (GFP) at the Spe I and Asc I restriction sites, under the control of the CaMV35S promoter and NOS (nopaline synthase) terminator (Supplementary Table S1 ). Onion epidermal cells were used for the subcellular localization of AtMYB12 according to the method of Wang et al. (2016a) . Meanwhile, Arabidopsis mesophyll protoplasts were also used for the subcellular localization of AtMYB12. Protoplast isolation and vector transfection were conducted as described previously (Yoo et al. 2007 ). After co-cultivation, the bombarded onion epidermal peels and transfected Arabidopsis protoplasts were visualized with a laser scanning confocal microscope (Nikon Inc., Melville, NY, USA).
Transformation of Arabidopsis with AtMYB12
The coding region of the synthesized AtMYB12 gene was cloned with terminal BamH I and Sac I restriction sites (Supplementary Table S1 ), and then inserted into the same restriction sites in vector pCAMBIA1301 to create the expression vector pCAMBIA1301-AtMYB12, under the control of the CaMV 35S promoter and the NOS terminator. This vector also contained gusA and hygromycin resistance (hpt II) genes driven by the CaMV 35S promoter. The recombinant vector was transformed into the Agrobacterium tumefaciens strain LBA4404 cells according to the methods described previously (Lou et al. 2007) , and transgenic plants were produced according to methods described in another publication (Zhang et al. 2006 ). Transformants were selected based on their resistance to hygromycin (Hyg). Putative transformed seeds were germinated on agar-solidified MS (Murashige and Skoog 1962) medium containing 25 mg/L Hyg. Positive transgenic seedlings were grown in pots containing a mixture of soil, vermiculite and humus (1:1:1, v/v/v) to select for T 2 and T 3 seeds. The incubation and growth conditions of Arabidopsis were the same as described previously (Zhang et al. 2006 ).
PCR analysis of transgenic plants
The presence of the AtMYB12 construct in positive plants was assessed by PCR analysis, using specific primers (Supplementary Table S1 ) to amplify fragments of the hpt II coding sequence. DNA was first extracted from Arabidopsis leaves according to the instructions of EasyPure Plant Genomic DNA Kit (Transgen, Beijing, China). PCR amplifications were performed with an initial denaturation at 94 °C for 3 min, followed by 35 cycles at 94 °C for 30 s, 55 °C for 30 s, 72 °C for 1 min and final extension at 72 °C for 10 min. PCR products were separated by electrophoresis on a 1.0 % (w/v) agarose gel.
Assay for the total content of flavonoids
The extraction and quantification of total flavonoids were performed using a colorimetric method as described previously (Jia et al. 1999) . Samples were ground in 1 volume 1 % (v/v) HCl-methanol with addition of two-thirds volume of distilled water. The mixtures were centrifuged at 80,000 rpm for 5 min. Then, 1 volume of chloroform was added to the supernatants to remove chlorophylls through mixing and centrifugation at 80,000 rpm for 1 min. The upper aqueous phases were subjected to spectrophotometric quantification at 535 nm.
Assay for salt and drought tolerance
In vitro assay for salt and drought tolerance was conducted as described previously (Liu et al. 2015b ). Transgenic Arabidopsis T 3 , AtMYB12 knockout mutant (KO) and WT seeds were sown on MS medium with 200 mM NaCl and 25 % PEG6000 for 2 weeks at 22 °C under 13 h of coolwhite fluorescent light at 54 μM/m 2 /s, and then their root length and fresh weights were measured.
In vivo assay for salt and drought tolerance was based on the method of Wang et al. (2016a) . Two-week-old transgenic Arabidopsis T 3 , KO and WT seedlings were grown in pots containing a mixture of soil, vermiculite and humus (1:1:1, v/v/v) in a greenhouse, with nine plants per pot. All pots were irrigated sufficiently with half-Hoagland solution for 2 weeks under normal condition. Each pot was then irrigated with a 200 mL of 300 mM NaCl solution once every 2 days for 4 weeks, or subjected to drought stress without water for 6 weeks. After treatment, the survival rate of these plants was observed immediately. All treatments were performed in triplicate.
Expression analysis of AtMYB12 and the related genes
The expression of genes related to flavonoid and proline biosynthesis, stress responses and ROS scavenging, was analyzed by real-time quantitative PCR (qRT-PCR). Saltand drought-resistant, KO or WT plants were grown in pots for 2 weeks under 300 mM NaCl stress and for 4 weeks under drought stress. Total RNA was extracted from leaves of these plants, respectively, using the RNAprep Pure Plant Kit (Tiangen Biotech, Beijing, China). RNA samples were reverse-transcribed using Quantscript Reverse Transcriptase Kit (Tiangen Biotech, Beijing, China). The cDNA solution was used as templates for PCR amplification with the specific primers (Supplementary Table S1 ). Arabidopsis actin gene (accession No. NM112764) was used as an internal control (Supplementary  Table S1 ).
PCR amplifications were conducted by ABI PRISM 7500 (Software for 7500 and 7500 Fast Real-Time PCR Systems, V2.0.1, USA) using SYBR Green PCR Master Mix (Tiangen Biotech, Beijing, China). The amplifications were performed with an initial denaturation at 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Quantification of the gene expression was done with comparative C T method (Schmittgen and Livak 2008) . The experiments were repeated three times and each data represent the average of three experiments.
Measurements of ABA, proline, H 2 O 2 and MDA content, and SOD and POD activities
The content of total flavonoids, abscisic acid (ABA), proline, H 2 O 2 and malondialdehyde (MDA) and activities of superoxide dismutase (SOD) and peroxidase (POD) were analyzed. Salt-and drought-resistant KO or WT plants were grown in pots for 2 weeks under 300 mM NaCl stress and for 4 weeks under drought stress.
Total flavonoids content was analyzed as described above.
ABA content was performed by indirect enzyme-linked immuno sorbent assay (ELISA) as described by Gao et al. (2011b) . The plant sample (0.5 g) was extracted by grinding in a mortar with 4 mL of cooled methanol (80 %), the homogenate was centrifuged for 10 min at 5000 rpm at 4 °C, and the supernatant was used for ELISA assay with Phytodetek ABA Test Kit (Agdia, USA).
Proline content was measured according to the method described by Gao et al. (2011b) . One gram of fully expanded leaves per sample was ground in a mortar with 80 % ethanol. The mixture were transferred in a 25-mL tube (adding distilled water to 25 mL) and incubated for 20 min at 80 °C; 0.5 g zeolite and 0.2 g active carbon were added to the mixture and mixed fully for filtering. Proline content was determined by comparing the absorbance of filtrate at 515 nm and the standard curves which were made using l-proline in the same way.
H 2 O 2 content was measured as described previously (Alexieva et al. 2001 ) with some modifications. Briefly, 1.0 g plant sample was ground with 0.1 % trichloroacetic acid and centrifuged at 10,000 rpm for 20 min at 4 °C. The supernatant was used to measure H 2 O 2 spectrophotometrically. The reaction mixture consisted of 1 mL of the extracted supernatant, 1 mL of K 2 PO 4 buffer, and 2 mL of 1 M KI. The reaction was developed for 1 h in darkness and the absorbance was measured at 390 nm.
MDA content was analyzed as described by Gao et al. (2011b) . Leaf samples (0.5 g) were homogenized in 10 mL 10 % (w/v) trichloroacetic acid (TCA) solution on ice. The homogenate was centrifuged at 4000 rpm for 10 min at 4 °C, and then the supernatant was collected. Two mL 0.6 % thiobarbituric acid (TBA) was added to 2 mL aliquot of the supernatant. The mixture was kept in the boiling water for 15 min and then rapidly cooled in an ice bath. After centrifuged at 4000 rpm for 10 min, the absorbance of the supernatant at 532 and 600 nm was measured. The concentration of MDA was calculated according to its extinction coefficient 155 mM/cm. SOD activity was measured according to the method of Gao et al. (2011b) . First, 0.5 g of tissue was ground with 4 mL of 50 mM cooled phosphate buffer (pH 7.8) containing 0.1 mM ethylenediaminetetraacetic acid (EDTA). The homogenate was centrifuged for 15 min at 10,000 rpm and 4 °C. Then, the supernatant was transferred to a new tube and used in the enzyme assay.
POD activity was analyzed at 470 nm by its ability to convert guaiacol to tetraguaiacol as described by Lurie et al. (Luriea et al. 1997) . The reaction mixture (3 mL) contained 50 mM phosphate buffer, 20 mM guaiacol, 10 mM H 2 O 2 and crude enzyme extract. The increase in absorbance was recorded by the addition of H 2 O 2 for 5 min.
Statistical analysis
The experiments were repeated three times and the data presented as the mean ± standard error (SE). Where applicable, data were analyzed by Student's t test in a two-tailed analysis. Values of p < 0.05 or <0.01 were considered to be statistically significant.
Results
Cloning and sequence analysis of AtMYB12
The AtMYB12 (accession No. ABB03913) gene was synthesized by the PTDS method (Xiong et al. 2004 ). The overlap extension polymerase chain reaction (OE-PCR) method was used to correct errors in the resulting gene product (Xiong et al. 2006) . The ORF was 789 bp in size and encoded a polypeptide that is 262 amino acids in length. The molecular weight of the protein was 29.11 kDa, and the isoelectric point (pI) was 8.97. A putative nuclear localization signal sequence was also identified at amino acid residues 143-153 (Fig. 1a) . Sequence analysis via the InterProScan program (http://www.ebi.ac.uk/Tools/pfa/ iprscan/) showed that the AtMYB12 protein contained two MYB domains (Fig. 1a) .
A BLAST search showed that the synthesized recombinant AtMYB12 protein was 100 % identical to the wild type AtMYB12 protein. Further analysis indicated that the amino acid sequence of AtMYB12 showed a high amino acid identity with the predicted protein products of Camelina sativa (XP_010507890, 58.93 %), Brassica napus (XP_013734899, 51.59 %), Arabidopsis thaliana (NP_191820, 47.75 %), Arabidopsis thaliana (NP_199744, 40.41 %), Zea mays (ACS44756, 39.58 %), Glycine max (XP_006574536, 38.30 %), Gossypium raimondii (XP_012457553, 37.40 %), Theobroma cacao (XP_007051069, 32.78 %), Nicotiana sylvestris (XP_009787226, 31.74 %) and Nicotiana tomentosiformis (XP_009622107, 31.67 %) (Fig. 1b) . Phylogenetic analyses revealed that AtMYB12 had a close relationship with the predicted protein products of Camelina sativa (Fig. 1c) . 
Nuclear localization of AtMYB12
To provide further evidence for the potential role of AtMYB12 in transcriptional regulation, we examined the subcellular localization of AtMYB12-GFP in onion (Allium cepa) epidermal cells and Arabidopsis protoplasts. As shown in Fig. 2 , signals of AtMYB12 were observed to be exclusively located in the nuclei of the onion (Allium cepa) epidermal cells and Arabidopsis protoplasts. These results indicate that AtMYB12 is localized to the nucleus of the cell.
Increased accumulation of flavonoids in the Arabidopsis overexpressing AtMYB12
The ORF of AtMYB12 was ectopically expressed in Arabidopsis (Col-0, WT) using the binary vector pCAM-BIA1301-AtMYB12 (Supplementary Fig. S1 ). Five independent transgenic lines of Arabidopsis overexpressing AtMYB12 gene (T 1 generation) were obtained from Hyg resistance selection, and their progenies (T 3 generation) were generated. PCR analysis of genomic DNA confirmed the presence of the hpt II gene in all transgenic lines, and the absence of hpt II in WT plants (Supplementary Fig. S2 ).
The total flavonoids content were measured in the transgenic, KO and WT plants. The results showed that total flavonoids content of the 5 transgenic plants were increased by 7-102 %, and especially #3 and #6 had significantly higher flavonoids levels than those found in WT plants, Fig. 2 Subcellular localization of the AtMYB12 protein in onion epidermal cells and Arabidopsis chloroplasts. The AtMYB12-GFP fusion protein was localized to the nucleus. Scale bar 100 μm Fig. 3 Total flavonoids content of the Arabidopsis overexpressing AtMYB12. Data are presented as mean ± SE (n = 3). Asterisk and double asterisk indicate a significant difference from that of WT at p < 0.05 and <0.01, respectively, by Student's t-test whereas total flavonoids content of KO was significantly decreased compared to WT (Fig. 3) . Further analysis demonstrated that the expression levels of AtMYB12 were significantly higher in transgenic plants, especially in plants #3 and #6, compared to WT (Supplementary Fig. S3 ).
Improved salt and drought tolerance in Arabidopsis overexpressing AtMYB12
The 2 transgenic plants (#3 and #6) which exhibited higher levels of flavonoids as well as KO and WT seedlings were cultured on MS medium supplemented with 200 mM NaCl and 25 % PEG6000 for 2 weeks. Under salt and PEG6000 stress, the transgenic plants were found to exhibit significantly higher root growth rates and fresh weights, in contrast to KO and WT plants, which grew poorly. No differences in growth and rooting were observed between the transgenic, KO and WT plants under normal conditions (Fig. 4) . Two-week-old transgenic plants (#3 and #6), KO and WT were then grown under 300 mM NaCl stress or drought stress to further evaluate salt and drought tolerance. After 4 weeks of NaCl stress or 6 weeks of drought stress, the transgenic plants showed good growth and increased physical size, whereas KO and WT plants died (Fig. 5) . No differences in growth were observed between the transgenic plants, KO and WT under normal conditions (Fig. 5) . These results demonstrated that transgenic lines (#3 and #6) had significantly higher salt and drought tolerance compared to KO and WT plants. Root length and fresh weight of two-week old seedlings. Data are presented as mean ± SE (n = 3). Asterisk and double asterisk indicate a significant difference from that of WT at p < 0.05 and <0.01, respectively, by Student's t-test
Upregulation of flavonoid biosynthesis, ABA signaling, proline biosynthesis, stress responses and ROS scavenging genes
Expression of AtMYB12, flavonoid biosynthesis, ABA biosynthesis, proline biosynthesis, stress responses and ROS scavenging genes in the transgenic (#3 and #6), KO and WT plants were analyzed by qRT-PCR. The results showed that the expression levels of AtMYB12 was significantly higher in the transgenic plants compared to WT (Fig. 6) . The expression levels of phenylalanine ammonia lyase (AtPAL), AtCHS, chalcone isomerase (AtCHI), flavanone-3-hydroxylase (AtF3H), flavanone-3′-hydroxylase (AtF3′H), AtFLS and dihydroflavonol reductase (AtDFR) was also observed to be higher in the transgenic plants (Fig. 6) .
Under salt and drought stresses, the genes related to flavonoid biosynthesis pathway were up-regulated (Fig. 6) . The expression of well-known salt and drought stress-responsive genes encoding zeaxanthin epoxidase (AtZEP), 9-cis-epoxycarotenoid dioxygenase (AtNCED), xanthoxin dehydrogenase (AtABA2), aldehyde oxidase (AtAAO), pyrroline-5-carboxylate synthase (AtP5CS), pyrroline-5-carboxylate reductase (AtP5CR) and late embryogenesis abundant protein (AtLEA) was also higher in transgenic plants (Fig. 6) . Up-regulation of the ROS scavenging-associated genes encoding AtSOD, AtCAT and AtPOD was observed (Fig. 6) . The results indicated that AtMYB12 might be involved in multiple regulatory pathways. Fig. 5 Responses of the transgenic Arabidopsis plants, KO and WT grown in pots under salt and drought stresses. a Transgenic plants, KO and WT were grown in pots and incubated for 6 weeks under normal condition, for 4 weeks under 300 mM NaCl stress, and for 6 weeks under drought stress. b The survival rates of transgenic plants, KP and WT grown under salt and drought stresses. Data are presented as mean ± SE (n = 3). Asterisk and double asterisk indicate a significant difference from that of WT at p < 0.05 and <0.01, respectively, by Student's t-test Fig. 6 Relative expression level of AtMYB12 and its related genes in the transgenic Arabidopsis plants under salt and drought stresses. Leaves of transgenic, KO and WT pot-grown plants incubated for 4 weeks under normal condition, for 2 weeks with 300 mM NaCl, or for 4 weeks by drought stress were used for expression analysis of the genes. The Arabidopsis actin gene was used as an internal control. The results are expressed as relative values based on WT as reference sample set to 1.0. Data are presented as mean ± SE (n = 3). Asterisk and double asterisk indicate a significant difference from that of WT at p < 0.05 and <0.01, respectively, by Student's t-test Fig. 7 The content of total flavonoids, ABA, proline, MDA and H 2 O 2 and activities of SOD and POD in the transgenic Arabidopsis, KO and WT plants. Transgenic, KO and WT plants were grown in pots and plants incubated for 4 weeks under normal condition, for 2 weeks with 300 mM NaCl, or for 4 weeks by drought stress. Data are presented as mean ± SE (n = 3). Asterisk and double asterisk indicate a significant difference from that of WT at p < 0.05 and <0.01, respectively, by Student's t-test
Promoted stress response physiological traits in Arabidopsis overexpressing AtMYB12
Several important physiological indices, such as ABA and proline, were also measured to evaluate plant stress responses (Krasensky and Jonak 2012; Wang et al. 2016a ). The results showed that ABA and proline content were considerable increased in the transgenic plants under salt and drought stresses (Fig. 7) . In addition, we also found that under salt and drought stresses total flavonoids content was significantly increased in the tolerant transgenic plants compared to WT (Fig. 7) .
H 2 O 2 accumulation is an important parameter with regards to abiotic stresses due to its ability to cause oxidative damage in plant cells (Apel and Hirt 2004; Liu et al. 2014) . The effects of salt and drought stresses on H 2 O 2 levels in plants were examined in transgenic and WT plants. H 2 O 2 content was found to be significantly lower in the transgenic plants under salt and drought stresses, compared to WT (Fig. 7) . In addition, abiotic stress induced the accumulation of MDA, a toxic molecule that alleviates lipid peroxidation (Du et al. 2012 ). MDA accumulation level was found to be significantly reduced in transgenic plants (Fig. 7) . Lowered H 2 O 2 and MDA levels in transgenic plants implied reduced oxidative injury under salt and drought stresses, and are supported by increased activities in the major antioxidant enzymes (SOD and POD) in transgenic plants (Fig. 7) . These results suggested that overexpression of AtMYB12 inhibited ROS damage under salt and drought stress by decreasing H 2 O 2 and MDA levels, and enhancing antioxidant enzyme activities.
Discussion
Overexpression of AtMYB12 increases flavonoids accumulation and enhances salt and drought tolerance
The AtMYB12 gene has previously been shown to increase the accumulation of flavonoids in tobacco and kale (Luo et al. 2008; Lännenpää 2014) . The high flavonol levels in tobacco overexpressing AtMYB12 showed enhanced resistance against insects (Misra et al. 2010) . Overexpression of AtMYB12 increased rutin production in transgenic tobacco callus culture (Pandey et al. 2012) and buckwheat hairy root cultures (Park et al. 2012) . In this study, overexpression of AtMYB12 significantly increased the total content of flavonoids and enhanced salt and drought tolerance in the transgenic Arabidopsis plants (Figs. 3, 4, 5) .
Overexpression of AtMYB12 enhances flavonoid biosynthesis
In Arabidopsis, AtMYB12 have been shown to regulate the expression of the key enzyme genes (CHS, CHI, F3H and FLS) involved in flavonoid biosynthesis (Mehrtens et al. 2005; Czemmel et al. 2009; Stracke et al. 2010) . The up-regulation of these genes has been found to increase the accumulation of flavonoids in plants Guo et al. 2015; Wang et al. 2016b, c) . In the present study, the genes (AtPAL, AtCHS, AtCHI, AtF3H, AtF3′H, AtFLS and AtDFR) involved in the flavonoid biosynthesis pathway were significantly up-regulated in transgenic Arabidopsis overexpressing AtMYB12 (Fig. 6) .
The flavonoids levels can enhance tolerance to abiotic and biotic stresses in plants (Buer et al. 2010; Gao et al. 2011a; Dixon et al. 2013 ), due to their ability to remove dangerous stress-response element from the cell, including free radicals, singlet oxygen molecules and peroxides (Balasundram et al. 2006; Wong et al. 2006; Gao et al. 2011a; Wang et al. 2016b, c) . Arabidopsis overexpressing AtMYB12 exhibited significantly higher flavonoids levels compared to WT (Fig. 3) . Thus, it is thought that flavonoids accumulation in the transgenic plants may increase their potential cytotoxicity and antioxidant abilities, resulting in enhanced salt and drought tolerance (Tattini et al. 2004; Routaboul et al. 2006; Gao et al. 2011a; Wang et al. 2016b, c) .
Overexpression of AtMYB12 up-regulates ABA biosynthesis pathway genes
A previous study showed that OsMYB48-1 up-regulated the genes involved in ABA biosynthesis pathway, leading to enhanced salt and drought tolerance in rice (Xiong et al. 2014) . ABA is a prime mediator of plant responses to abiotic stresses such as salt, drought and cold and regulates the expression of ABA-dependent stress-responsive genes (Zhu 2002; Tuteja 2007; Liu et al. 2013) . In the present study, ABA levels were significantly increased and the genes (AtZEP, AtNCED, AtABA2 and AtAAO) involved in ABA biosynthesis pathway were systematically up-regulated in transgenic Arabidopsis plants under salt and drought stresses (Figs. 6, 7) . Therefore, it is thought that overexpression of AtMYB12 enhances salt and drought tolerance due to the up-regulation of genes involved in ABA biosynthesis pathway, which increase the production of signaling molecules and furthers the expression of tolerance-responsive genes (Fig. 8) .
Overexpression of AtMYB12 activates proline biosynthesis pathway
It has been reported that exogenous ABA treatment increased P5CS transcript levels in Arabidopsis (Strizhov et al. 1997; Yoshiba et al. 1999; Abraham et al. 2003) . The transcript accumulation of P5CS increased proline concentrations under salt stress in an ABA-dependent manner (Knight et al. 1997; Silva-Ortega et al. 2008) . The increased ABA levels might induce OsP5CS1 and OsP5CR transcript levels, leading to the accumulation of proline in rice (Sripinyowanich et al. 2013) . In this study, AtP5CS and AtP5CR, two key genes in proline glutamate biosynthesis pathway, were up-regulated in the AtMYB12-overexpressing Arabidopsis plants under salt and drought stresses (Fig. 6) .
Proline accumulation can enhance tolerance to salt, drought, cold and oxidative stresses in many plant species (Szabados and Savouré 2010; Krasensky and Jonak 2012) . The up-regulation of P5CS and P5CR increased proline accumulation and improved salt and drought tolerance in sweet potatoes and petunias (Yamada et al. 2005; Liu et al. 2014 Liu et al. , 2015a Wang et al. 2016a, b, c) . In the present study, the AtMYB12-overexpressing Arabidopsis plants had significantly higher proline content compared to WT under salt and drought stresses (Fig. 7) , which may maintain the osmotic balance between the intracellular and extracellular environment, as well as protect membrane integrity, resulting in enhanced salt and drought tolerance (Fig. 8) . Similar results were also reported in several other studies (De Ronde et al. 2004; Gill and Tuteja 2010; Hare and Cress 1997; Zhang et al. 2012; Liu et al. 2014 Liu et al. , 2015a Wang et al. 2016a, b, c) .
Overexpression of AtMYB12 reduces ROS accumulation
Salinity and drought can lead to the overproduction of ROS, which can cause damage to proteins, lipids, carbohydrates and DNA. SOD is a key enzyme whose function is to reduce the negative effects of ROS. It is usually induced by salt and drought stresses to enhance the timely dismutation of superoxide into oxygen and H 2 O 2 , which is subsequently removed through different pathways (Koca et al. 2006; Zhang et al. 2012 ). Thus, SOD activity is often used to test the tolerance of plants to abiotic stresses (Liu et al. , 2015a Wang et al. 2016a, b, c; Zhai et al. 2016) .
In the present study, the accumulation of H 2 O 2 was significantly less in the AtMYB12-overexpressing Arabidopsis under salt and drought stresses, compared to WT plants (Fig. 7) . Consistent with this observation, the systematic up-regulation of ROS scavenging genes (AtSOD, AtCAT and AtPOD) and significantly increased activities of SOD and POD were found in the transgenic plants under salt and drought stresses (Figs. 6, 7) . Therefore, the improved salt and drought tolerance of the transgenic Arabidopsis plants might be due, at least in part, to enhanced ROS scavenging capacity (Wang et al. 2016a, b, c; Zhai et al. 2016) . Similar results were also observed in other reports (Liu et al. , 2015a Zhai et al. 2016 ). In addition, it has been reported that proline acts as a ROS scavenger under abiotic stress (Smirnoff and Cumbes 1989; Alia et al. 2001; Liu et al. 2014 Liu et al. , 2015a . Thus, our results support that proline accumulation in the Arabidopsis overexpressing AtMYB12 increases the expression of the ROS-scavenging genes by stimulating the ROS scavenging system (Fig. 8) .
Overexpression of AtMYB12 increases LEA activity
LEA protein is one of the most important stress-associated gene families, and plays pivotal roles in stress tolerance, osmotic adjustment, and protecting the cell membrane structure (Dalal et al. 2009; Banerjee and Roychoudhury 2015) . Many LEA genes have been demonstrated to be Fig. 8 Model of the regulatory network of the AtMYB12 gene involved in salt and drought stresses responses. Overexpression of AtMYB12 up-regulates the genes involved in the flavonoid biosynthesis, ABA biosynthesis, proline biosynthesis and ROS scavenging, which result in significant physiological changes, including increased ABA and proline levels and reduced ROS accumulation, led to the enhanced salt and drought tolerance associated with tolerance against water deficiency, salt, osmotic and freezing stresses (Babu et al. 2004; Gal et al. 2004; Liang et al. 2004; Porcel et al. 2005; Singh et al. 2005) . Overexpression of LEA genes improved salt and drought tolerance in Arabidopsis (Zhao et al. 2011) , rice (Ganguly et al. 2012) , tomato (Muñoz-Mayor et al. 2012) and poplar (Gao et al. 2013) . In Brassica napus, ABA can induce the expression of LEA genes during abiotic stresses (Dalal et al. 2009 ). In the present study, the expression of LEA gene was up-regulated in the AtMYB12-overexpressing Arabidopsis plants under salt and drought stresses (Fig. 6) , in addition to increased LEA activity (Fig. 8) .
In conclusion, AtMYB12 has been successfully chemically synthesized. The AtMYB12-overexpressing Arabidopsis plants exhibited increased levels of flavonoids and enhanced salt and drought tolerance. Our results suggest that overexpression of AtMYB12 up-regulates genes involved in flavonoid biosynthesis, ABA biosynthesis, proline biosynthesis and ROS-scavenging system, resulting in significant physiological changes. These findings suggest that the AtMYB12 gene may be used to increase the health benefits of flavonoids and tolerance to abiotic stresses in Arabidopsis and other plants.
